These studies test the hypothesis that acute and chronic alcohol intoxication stimulate the release of oxygen-derived radicals in the liver. Male Sprague-Dawley rats received an intravenous bolus followed by continuous infusion of ethanol to maintain blood alcohol level at about 175 mg/dl for 0-18 hr. They were then allowed to recover from this "alcohol binge" and the release of free radicals during the recovery phase was monitored. In the chronic alcohol intoxication model, rats were fed with 40% ethanol in agar blocks for 16 weeks. Acute ethanol intoxication induced two phases of hepatic superoxide release. The first phase peaked during the first 3 hr of alcohol intoxication, while the second phase reached its maximum at 6 hr of recovery following a 12 hr binge. The recovery period was also associated with elevated serum transaminase activity. Kupffer cells were largely responsible for hepatic superoxide release during the first phase, while both Kupffer and hepatic sinusoidal endothelial cells contributed to the second phase of free radical formation. Acute ethanol intoxication did not induce endotoxemia. During chronic alcohol intoxication, increased levels of serum endotoxin, TNF, IL-1, and transaminase were observed and hepatic superoxide anion release was present. Superoxide release by isolated Kupffer cells, blood and hepatic PMNs of alcoholic rats was also significantly enhanced in the chronic alcoholic rats. These data indicate that acute alcohol intoxication may directly stimulate the release of reactive oxygen intermediates, whereas chronic alcohol may elicit free radical generation through enhanced endotoxin influx and cytokine release. These studies further demonstrate that free radicals produced by hepatic non-parenchymal cells are likely to play an important role in the pathogenesis of hepatic injury in susceptible individuals with alcohol-related liver disorders.
ABSTRACT
These studies test the hypothesis that acute and chronic alcohol intoxication stimulate the release of oxygen-derived radicals in the liver. Male Sprague-Dawley rats received an intravenous bolus followed by continuous infusion of ethanol to maintain blood alcohol level at about 175 mg/dl for 0-18 hr. They were then allowed to recover from this "alcohol binge" and the release of free radicals during the recovery phase was monitored. In the chronic alcohol intoxication model, rats were fed with 40% ethanol in agar blocks for 16 weeks. Acute ethanol intoxication induced two phases of hepatic superoxide release. The first phase peaked during the first 3 hr of alcohol intoxication, while the second phase reached its maximum at 6 hr of recovery following a 12 hr binge. The recovery period was also associated with elevated serum transaminase activity. Kupffer cells were largely responsible for hepatic superoxide release during the first phase, while both Kupffer and hepatic sinusoidal endothelial cells contributed to the second phase of free radical formation. Acute ethanol intoxication did not induce endotoxemia. During chronic alcohol intoxication, increased levels of serum endotoxin, TNF, IL-1, and transaminase were observed and hepatic superoxide anion release was present. Superoxide release by isolated Kupffer cells, blood and hepatic PMNs of alcoholic rats was also significantly enhanced in the chronic alcoholic rats. These data indicate that acute alcohol intoxication may directly stimulate the release of reactive oxygen intermediates, whereas chronic alcohol may elicit free radical generation through enhanced endotoxin influx and cytokine release. These studies further demonstrate that free radicals produced by hepatic non-parenchymal cells are likely to play an important role in the pathogenesis of hepatic injury in susceptible individuals with alcohol-related liver disorders.
INTRODUCTION
The liver is an important site of alcohol action as well as alcohol metabolism. It is also an organ containing several cell types. Although the metabolism of alcohol takes place primarily in the parenchymal cells, other cell types within the liver are also markedly affected by the consumption of ethanol. Thus, alterations in the functions of Kupffer cells, sinusoidal endothelial cells and stellate cells have been demonstrated following both the acute and chronic consumption of alcohol.
Oxygen-derived free radicals have been demonstrated to play an important role in a variety of conditions associated with cell injury, among them, alcohol intoxication, sepsis, endotoxemia and ischemia-reperfusion injury (1) (2) (3) (4) (5) . Although the sources of free radicals in different tissues may vary, activated macrophages seem to play an important role. In the liver, Kupffer cells, the resident macrophages fulfill this function. Under normal resting conditions, the oxygen-derived free radicals produced by various cell types are counterbalanced by a variety of antioxidant agents, as indicated in figure 1 . However, when Kupffer cells are primed and/or activated, and also when neutrophils (PMNs) infiltrate into the liver they are activated, the oxidant/antioxidant balance is upset and oxygen-derived free radical generation by the liver can be readily demonstrated. Acute endotoxemia (6) (7) (8) or acute ethanol intoxication (9) are good examples of conditions where hepatic superoxide release is evident. In addition to a binge-type stimulation of the Kupffer cells, recovery from the effects of alcohol, or chronic alcohol administration also alters Kupffer cell function (10) .
The present work tested the hypothesis that Kupffer cell-derived free radicals play a role in the liver in causing an oxidative stress during and after a binge-type alcohol intake as well as following chronic alcohol administration.
MATERIALS AND METHODS

Experimental Design
Different experimental groups were set up as follows:
Acute ethanol administration (Alcohol-binge model). Male Sprague-Dawley rats (250-300 g, Hilltop Breeding Laboratories, Houston TX) received an ethanol bolus (20% v/v in sterile saline i.v.) at a dose of 1.75 g/Kg body weight followed by continuous infusion at a rate of 250-300 mg/Kg per hr for 0-18 hr.
Post-binge experiments. The rats received similar injection and infusion of ethanol as in A. After 12 hr of infusion, ethanol was replaced by saline and the infusion was continued for another 6 hr. Saline or ethanol only was infused to time-matched control groups. In another experimental groups, rats received an i.v. injection of GdCl 3 (10 mg/Kg) 12-21 hr before the start of infusion. This experiment was performed to test the hypothesis that selective depletion of Kupffer cells by GdCl 3 suppresses ethanol-mediated superoxide release. The experimental protocols are illustrated on figures 2A and 2B.
Chronic alcohol intoxication model
Specific pathogen-free male Sprague-Dawley rats (90-100 g, Charles River Breeding Laboratories, Cambridge MA) were maintained on an ethanol-containing agar block diet (40 % v/v, plus 0.5 g/Kg peanut butter) and ethanol-supplemented water (10% v/v) for 16 weeks. The animals were allowed free access to solid chow. Pair-fed rats were given similar amounts of agar block (without ethanol), solid chow and alcohol-free water. On the day of the experiments, there was no significant difference in body weight between pair-(625 ± 32 g) and ethanol-fed rats (575 ± 25 g). Blood ethanol level using this experimental condition was 125 ± 28 mg/dl.
All experimental animals used in this investigation received humane care according to the guidelines outlined in the "Guide for the Care and Use of Laboratory Animals" by the National Academy of Sciences (National Institutes of Health publication no. 80-23). The experimental protocol for the use of live animals in this study was approved by the Louisiana State University Institutional Animal Care and Use Committee.
Superoxide anion assay
At appropriate times indicated in Figure 2 , the livers were perfused in situ for the determination of superoxide anion release and for cell isolation procedures. Superoxide anion release in the perfused liver and isolated hepatic cells was measured by means of superoxide dismutase-inhibitable reduction of cytochrome c as previously described (8, 9, 11) .
Cell isolation procedure. Hepatic sinusoidal endothelial cells, Kupffer cells and hepatocytes were isolated after collagenase-perfusion of the liver and centrifugal elutriation as described previously (12,13). PMNs were separated from non-parenchymal cells and other blood elements by using Nycoprep (Accurate Chemicals, NJ) density gradient centrifugation.
Aspartate transaminase (ASAT), alcohol and endotoxin determinations. Serum ASAT and alcohol were measured using diagnostic kits from Sigma (St. Louis MO). Serum endotoxin was determined by using Endotoxin Chromogen (Pharmacia & Upjohn, Kalamazoo MI) and LAL (Sigma, St. Louis MO).
Cytokine assays
Tumor necrosis factor _ and interleukin-1ß were measured by ELISA kits (Biosource International, Camarillo, CA).
Data presented in this paper represent means Å SEM of 3-12 rats per treatment group. Statistical significance at P 0.05 was assessed by ANOVA, Student-t 
RESULTS
Hepatic superoxide release during binge typeethanol administration
When the blood ethanol concentration of approximately 175 mg/dl is maintained for varying periods of time and subsequently the animals' liver is perfused, superoxide release is demonstrable (7, 9) . This effect is time-dependent, showing a maximum release between 1-3 hr of ethanol infusion, and diminishing to virtually nondetectable levels after 7 hr of ethanol infusion (figure 3). As shown previously the activation of superoxide release by the liver is not dependent on the metabolism of the alcohol moiety, since the administration of 4-methylpyrazole, that inactivates alcohol dehydrogenase, does not alter the effect (9) . We have further demonstrated that isolated hepatocytes or endothelial cells following ethanol infusion failed to release superoxides anion in vitro. However, isolated Kupffer cells following ethanol administration actively release SOD-inhibitable superoxide anions (9) . The stimulatory effect of ethanol on different phagocytes have also been demonstrated by other investigators (14, 15) . Thus, short-term in vitro exposure of macrophages to low-dose ethanol enhanced superoxide anion production by these cells (14) . In vivo ethanol treatment in mice also increases the phagocytic activity of Kupffer cells and the migration of neutrophils into the liver (16) . While the exact mechanisms of action of ethanol in stimulating superoxide anion release from Kupffer cells is not completely understood, we postulate that the activation of the nuclear factor NFkappaB plays an important role. This is schematically illustrated in figure 4.
Post-binge Effects
The goal of this part of the studies, was to determine whether a binge-type alcohol intake would have any post -binge effects with regard to hepatic oxidative stress. Thus, rats were given a bolus injection of ethanol followed by a sustaining dose of infusion that lasted for twelve hours. This treatment elicited average ethanol concentrations of 143 mg/dl. At this time, ethanol infusion was discontinued and the rats were left to recover for a period of 3-18 hrs at which time, the animals were anesthetized and hepatic superoxide release was determined. By the 6 hr recovery period, alcohol was no longer detectable in the circulation. figure 2A depicts the experimental protocol for these studies.
As indicated above, ethanol infusion elicits superoxide release in the perfused liver that peaks at 3 and dissipates thereafter. Following withdrawal of ethanol, a second peak of superoxide release was demonstrable (figure 5). These data indicate that at the end of the 12 hr ethanol infusion, little or no hepatic superoxide anion release was demonstrable. However, at 3, 6 or 12 hrs post binge, the livers released significant quantities of superoxide anions which appear to peak at 6 hrs and diminish to barely detectable levels by 24 and 48 hrs postbinge ( figure 5 ).
In the next group of experiments, using a similar protocol, Kupffer cells and hepatic endothelial cells were isolated at 6 hrs post binge and their in vitro superoxide release determined. Interestingly, both Kupffer cells and hepatic endothelial cells showed considerable superoxide anion release at this time point (table 1) . This is in contrast to the effect of binge-type alcohol administration, where only Kupffer cells participated in a significant manner in the hepatic superoxide release (9,10). The participation of both hepatic cell types in this response, was also indicated by a different experimental approach. When GdCl 3 is given i.v. 24 hrs before the experiment, Kupffer cells are largely destroyed or inactivated (17) . Thus, selective depletion of Kupffer cells prior to 12 hr infusion of ethanol * P < 0.001 vs saline-treated; N = 5-7/group. GdCl 3 (10 mg/Kg) was injected intravenously at time 0. Twenty-one hr later the animals received ethanol as described in Fig.  2A . In another experimental group as shown on Fig. 2B , the rats received ethanol 12 hr after GdCl 3 . The livers were perfused at 3 hr after an alcohol binge (24 hr after GdCl 3 ) and at 6 hr after alcohol withdrawal following a 12 hr alcohol binge (30 hr after GdCl 3 ). followed by 6 hrs of recovery, caused a significant, but not complete decrease in the elevated superoxide release by the liver (table 2) . This suggests that along with Kupffer cells, other cell types also participate in this response. However, in the first phase of ethanol intoxication, Kupffer cells were largely responsible for hepatic superoxide release, because GdCl 3 completely abolished this response (table 2).
In the next phase of the study, we wished to ascertain whether the oxidative stress caused by the postbinge effect, had any demonstrable effect on the functional integrity of the liver. Thus, we determined serum aspartate transaminase (ASAT) activity, a measure of incipient hepatic function damage. Figure 6 shows that no increase in ASAT was demonstrated in the plasma of animals treated with alcohol alone. However, when 12 hrs alcohol treatment was followed by a 6 hr recovery, AST levels were significantly elevated and the elevation was suppressed by the prior administration of GdCl 3 .
Hepatic superoxide release after long-term alcohol feeding
Alcohol feeding for 16 weeks was also associated with significant elevations in serum endotoxin and ASAT activity compared to pair-fed controls (table 3) . At the same time, serum levels of TNF and IL-1 beta were significantly increased in chronic alcoholic rats compared to those of the pair-fed animals. Concomitantly, the release of superoxide anion in the perfused livers of alcohol-fed rats was enhanced (table 3) . The likely sources of these radicals in the liver are the Kupffer cells and the sequestered PMNs in the liver. Table 4 shows that alcohol feeding enhanced the basal release of superoxide anion by isolated Kupffer cells, hepatic and blood PMNs.
DISCUSSION
These data demonstrate that acute or chronic alcohol intoxication elicits the release of oxygen-derived radicals in the liver. It is believed that the toxic effects of alcohol in a number of tissues are mediated through the production of cytotoxic free radicals. Thus, these radicals have been implicated in the pathogenesis of liver injury in several disorders, such as, alcoholic liver disease, endotoxemia, sepsis and hepatic ischemia followed by reperfusion (1-5).
The mechanism by which free radicals are formed during alcohol intoxication or alcohol binge is not fully understood. Others have demonstrated that ethanol stimulates membrane phosphatidyl inositol turnover in isolated hepatocytes (18, 19) and alveolar macrophages (14) . Enhanced phosphatidylinositol turnover is expected to induce the release of secondary messengers, which in turn modulate protein kinase C activity. As a result, protein kinase C induces the translocation of NADPH oxidase to the plasma membrane of phagocytic cells leading to superoxide anion generation. The involvement of NADPH oxidase and protein kinase C in the molecular activation of free radical release in mononuclear phagocytes is well defined (20) .
As demonstrated in this study, there were two phases of free radical release during acute alcohol intoxication. The first phase was observed during the first 3 hr of acute alcohol intoxication, while the second phase was evident during the withdrawal state. During the latter stage, similar mechanism of free radical release may occur, i.e, phosphatidylinositol involvement. However, another possibility is that following alcohol withdrawal, enhanced intracellular influx of Ca ++ into a number of cells, including Kupffer cells and endothelial cells may also manifest. It has been demonstrated that removal of alcohol, following ethanol intoxication enhances the influx of Ca ++ in mononuclear cells (15) . Ca ++ is a known regulator of Endotoxin and ASAT were measured by means of endotoxin chromogen (Pharmacia) and Limulus coagulation assay (Sigma) and UV-kinetic enzyme kit (Sigma), respectively. Cytokines were analyzed using ELISA kits from Biosource International, while hepatic superoxide was measured in the in situ perfused liver by superoxide dismutase-inhibitable reduction of cytochrome c. * P < 0.05 vs Pair-fed. ** P << 0.001 vs Pair-fed. N = 3-12 per group. superoxide anion generation in phagocytes. It is therefore postulated that enhanced spontaneous production of free radicals by Kupffer cells and endothelial cells may be due to an upregulation of Ca ++ influx in hepatic nonparenchymal cells. Another possibility is that enhanced glucose uptake by Kupffer cells and endothelial cells during the alcohol withdrawal state may also contribute to enhanced free radical generation in the liver (10) . Elevated glucose uptake may regulate respiratory burst by phagocytic cells, by increasing hexose monophosphate shunt activity. Therefore, enhanced glucose use by Kupffer and endothelial cells may be an important factor in the upregulation of free radical formation by hepatic nonparenchymal cells during alcohol withdrawal.
This work demonstrates that Kupffer cells are the likely sources of free radicals in the liver during the early phase of acute alcohol intoxication and the recovery period. Endothelial cells seem to contribute significantly to hepatic superoxide release during the withdrawal phase but not in the early phase. These conclusions are supported by experiments whereby, the liver was depleted of Kupffer cells by GdCl 3 treatment. Selective depletion of Kupffer cells completely abolished free radical release during the first phase of acute alcohol intoxication and partially suppressed the release of these radicals during the alcohol withdrawal phase. Hepatocytes are not likely to release oxygen-free radicals in the extracellular environment. The enhanced production of superoxide anion by the liver following alcohol withdrawal is likely to contribute to the elevation of serum aspartate transaminase (ASAT) activity, suggesting that liver function was altered as a result of this condition.
The above studies suggest that acute alcohol intoxication may directly initiate the formation of oxygenderived radicals in the liver. We have also demonstrated that metabolites of ethanol are not likely to contribute to this manifestation (9) . In the chronic alcohol model, however, a more complex mechanism may exist. Results presented in this paper demonstrate that prolonged consumption of alcohol for 16 weeks enhanced the release of superoxide anion in the perfused liver compared to that of the pair-fed controls. The major sources of these radicals are the Kupffer, endothelial cells and infiltrated PMNs. Hepatic sequestration of PMNs during chronic alcohol intoxication has been documented (21, 22) . Elevated levels of cytokines and chemokines during chronic alcohol consumption are likely to contribute to the pathogenesis of alcoholic liver disease in humans (23) (24) (25) and animal models (1, 12, 26) . However, acute alcohol intoxication has not been shown to induce the migration of PMNs into the liver.
The mechanism by which free radical formation is enhanced during chronic alcohol intoxication may involve endotoxins and cytokines. It has been demonstrated that chronic alcoholism is also associated with endotoxemia (27) (28) (29) . Data presented in this paper show that alcohol-fed rats were significantly endotoxemic compared to nonalcoholic rats. It has been suggested that chronic alcohol consumption enhances the gut permeability which in turn induces the influx of endotoxin in the circulation (29) . The increased concentration of endotoxin in sera of alcoholic rats may suggest enhanced LPS influx or reduced clearance of endotoxin by resident Kupffer cells in the liver. Kupffer cells are primarily responsible for clearance of particulate and soluble particles, including endotoxins. As a result, hepatic macrophages may become activated to produce a number of biologically active substances that include TNF, IL-1 and superoxide anion. Results show that prolonged consumption of alcohol was also associated with increased serum levels of TNF, IL-1 and hepatic superoxide release. TNF and IL-1 are potent immunomodulators that prime and activate mononuclear phagocytes and PMNs for enhanced respiratory burst and free radical release. We have also demonstrated that TNF primed the liver and hepatic nonparenchymal cells for enhanced superoxide anion release in vitro (30) . These cytokines (31) are also known to enhance the expression of adhesion molecules and production of chemotactic factors that promote migration of inflammatory PMNs to the liver. We have demonstrated previously that chronic alcohol consumption enhances hepatic sequestration of PMNs (21, 22) . Enhanced migration of PMNs in the liver during chronic alcohol intoxication is likely to be induced by hepatic production of chemokines, i.e, macrophage inflammatory protein-2 and cytokine-induced chemoattractant, and upregulation of CD18 and ICAM-1 expression (12,21,26). Thus, enhanced endotoxin influx and cytokine production during chronic alcohol intoxication are likely to contribute to the enhanced sequestration of PMNs in the liver.
Prolonged consumption of alcohol was also associated with increased ASAT activity in the serum suggesting hepatic injury. It has also been demonstrated that chronic alcohol intoxication induces histopathological changes in the liver, such as, sinusoidal swelling, inflammatory-like infiltrate in the interstitium and lipid deposition (12). It is also suggested that hepatic injury may result from an inflammatory-like reaction in the liver that may be induced directly by alcohol or indirectly through alcohol-induced endotoxemia. Oxygen-derived free radicals produced by inflammatory PMNs and activated Kupffer cells in the liver are likely to contribute to this phenomenon. The production of cytolytic proteases may also participate in this pathology (1).
In conclusion, these studies demonstrate that acute or chronic alcohol intoxication stimulates the release of hepatic oxygen-derived free radicals that are likely to contribute to the pathogenesis of alcoholic liver disease in susceptible individuals.
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